Cognitive impairment and Alzheimer's disease are linked with intake of a Western diet, characterized by high levels of saturated fats and simple carbohydrates. In rats, these dietary components have been shown to disrupt hippocampal-dependent learning and memory processes, particularly those involving spatial memory. Using a rat model, the present research assessed the degree to which consumption of a high-energy (HE) diet, similar to those found in modern Western cultures, produces a selective impairment in hippocampal function as opposed to a more global cognitive disruption. Learning and memory performance was examined following 90-day consumption of an HE-diet in three nonspatial discrimination learning problems that differed with respect to their dependence on the integrity of the hippocampus. The results showed that consumption of the HE-diet impaired performance in a hippocampal-dependent feature negative discrimination problem relative to chow-fed controls, whereas performance was spared on two discrimination problems that do not rely on the hippocampus. To explore the mechanism whereby consuming HE-diets impairs cognitive function, we investigated the effect of HE-diets on the integrity of the blood-brain barrier (BBB). We found that HE-diet consumption produced a decrease in mRNA expression of tight junction proteins, particularly Claudin-5 and -12, in the choroid plexus and the BBB. Consequently, an increased blood-to-brain permeability of sodium fluorescein was observed in the hippocampus, but not in the striatum and prefrontal cortex following HE-diet access. These results indicate that hippocampal function may be particularly vulnerable to disruption by HE-diets, and this disruption may be related to impaired BBB integrity.
INTRODUCTION
Saturated fats and refined carbohydrates are believed to be the principal components of a modern Western diet that contribute to excessive energy intake and body weight gain [1] . A growing body of evidence suggests that these dietary factors can also impede cognitive performance. In human populations, dietary saturat-ed fat has been associated with increased incidence of Alzheimer's disease (AD) [2] [3] [4] and with milder forms of cognitive dysfunction [5, 6] . Consumption of simple carbohydrates (e.g., mono and disaccharides) has been linked with impaired cognitive performance relative to complex carbohydrates in both adults [7] and children [8] . Learning and memory impairments have also been demonstrated in laboratory rodents following consumption of diets high in saturated fat [9] [10] [11] , high in simple carbohydrates (e.g., sucrose) [12, 13] , or a combination of the two [14] [15] [16] .
The hippocampus, a brain structure widely known to play a critical role in learning and memory func-tion, is one of the most vulnerable brain regions in the early phases of neurodegenerative dementias, including AD [17, 18] and vascular dementia [19, 20] . Recent evidence suggests that the hippocampus may also be particularly susceptible to disruption by dietary factors. For instance, several studies using rodent models have demonstrated that diets similar to those found in modern Western cultures can impair learning and memory problems that rely on the integrity of the hippocampus, including those that involve the utilization of both spatial [15, 21, 22] and nonspatial [14, 23] information. However, the extent to which a Western-type diet produces a selective impairment in hippocampal function as opposed to a more global disruption in cognitive function is not well established.
There are also gaps in knowledge about the neurophysiological mechanisms underlying the effects of Western-type diets on cognitive function. Some recent evidence suggests that this type of diet can influence cognitive function by interfering with the integrity of the blood-brain barrier (BBB) [24] . Two barrier systems prevent the blood from direct contact with brain parenchyma: the BBB separates the blood from brain extracellular fluid and the blood-cerebrospinal fluid (CSF) barrier located in the choroid plexus separates the blood from the CSF circulation [25] . These barrier systems shield the brain from toxic substances in the blood. BBB failure has been shown to precede the development of cognitive impairment in AD [26] and stroke [27] . Several recent findings have linked BBB disruption with metabolic and dietary factors. In humans, longitudinal studies have demonstrated that body mass index (BMI) and obesity in middle-aged subjects are strongly correlated with an increased risk of both BBB disruption [28] and dementia [29] later in life. In rabbits, a cholesterol-enriched diet produces increased BBB permeability in the hippocampus [30] , as well as increased hippocampal accumulation of amyloid-β (Aβ), a major pathological hallmark of AD. Banks and colleagues have shown that triglycerides can alter BBB active transport mechanisms of feeding-related hormones, including the adipostat hormone leptin [31] and the gut-derived hormone ghrelin [32] in rodents. These findings link dietary and metabolic factors to BBB disruption; however, the effects of a Western-type diet on BBB permeability are not well established.
One objective of the present research was to assess the effects of maintenance on a high-energy (HE) diet, high in saturated fat and glucose, on learning and memory performance in nonspatial Pavlovian discrimination problems that differ in their sensitivity to hippocampal damage. Two of the discrimination problems involved a hierarchical Pavlovian learning process known as occasion setting, in which animals learn to depend on the presence of a stimulus for information about the relationship between other stimuli. For example, in a serial feature negative discrimination, a task that is frequently used to examine what is known as "negative occasion setting", a discreet "target" stimulus (A) (e.g., brief tone) is followed by food reinforcement when presented alone (A+ trials); however, the target stimulus is not followed by food when preceded by the presentation of another, "feature" stimulus (X) (e.g., brief light). The feature stimulus "sets the occasion" for when the target stimulus will not be followed by reinforcement. The converse of this task is called a feature positive discrimination, in which a target stimulus is reinforced when preceded by a feature stimulus (X→A + trials), but not when presented alone (A− trials). Holland and colleagues [33] demonstrated that rats with selective lesions to the hippocampus were impaired in learning a feature negative discrimination, displaying increased appetitive responding on nonrewarded trials (X→A− trials) compared to control rats. On the other hand, hippocampal lesions had much less of an impact on both a feature positive and a nonconditional discrimination task (B+, C−), where one stimulus is paired with food and another is not. Here we assess the effects of 90-days HE-diet maintenance on learning these discriminations.
A second objective of the present research was to assess the impact of HE-diet consumption on BBB integrity. At the conclusion of the behavioral testing, BBB integrity was evaluated by measuring mRNA expression in the blood-brain and blood-CSF barriers of the structural proteins occludin, claudin 5, claudin 12, and the cytoplasmic zona occludin proteins, Zo-1 and Zo-2. These proteins are some of the primary molecular components that comprise the tight junctions of the blood-brain and blood-CSF barriers, and are considered to be critical in the maintenance of permeability restriction [34] . BBB integrity was further evaluated by measuring permeability to sodium fluorescein (NaFl), a tracer that is normally precluded across an intact BBB [35] . Leakage of NaFl from the vasculature to brain parenchyma was evaluated by semi-quantitiative fluorescence analysis. To further evaluate the hypothesis that the hippocampus is particularly vulnerable to disruption by an HE-diet, we examined BBB permeability to NaFl in three areas of the brain, including the hippocampus and the prefrontal cortex, two brain regions that are sensitive to diet-induced reductions in BDNF [14, 15] , and the striatum, which has been shown to be susceptible to BBB disruption by pharmacological manipulations (e.g., [36, 37] ).
MATERIALS AND METHODS

Subjects
The subjects were 32 nave, male Sprague-Dawley albino rats (Harlan Inc., Indianapolis, IN), approximately 60 days of age upon arrival in the laboratory, and weighing between 275-300 g. Subjects were housed individually in stainless steel cages and maintained on a 12-h light/dark cycle with lights on at 0800 h. All procedures for the care and treatment of the rats during this experiment were reviewed and approved by the Purdue Animal Care and Use Committee.
Diets
A diet high in saturated fat (lard-based) and glucose (Harlan Teklad, TD.04489) was used as the HE-diet. This diet was nutritionally adequate, with a caloric density of approximately 4.5 kcal/g (≈40% kcal from fat), and contained the following (g/kg): 270 g casein, 220.5 g glucose, 200 g cornstarch, 50 g cellulose, 170 g lard, 15 g safflower oil. A standard laboratory rodent chow diet (LabDiet, formula 5001) was used for the control diet. This control diet has a caloric density of approximately 3.0 kcal/g (≈13% kcal from fat). Both diets were in powdered form, presented in glass jars fastened inside of the home cage of each rat. Water was available ad libitum throughout the entire study for all rats.
Apparatus
The pretraining and training procedures were conducted in eight identical conditioning chambers, constructed of aluminum end walls and clear plexiglas side walls, measuring 21.6 × 21.6 × 27.9 cm. The floors of each conditioning chamber consisted of stainless steel bars spaced 1.9 cm apart, measuring 0.48 cm in diameter. A recessed food magazine was located in the center of one end wall of each chamber. The auditory stimuli (i.e., tones "T1", "T2", and white noise, "N") were produced by auditory stimulus generators (Med Associates, ANL-926) located outside the conditioning chamber near the end wall opposite of the food magazine. A 6-W jeweled panel light 6 cm to the left of and above the food cup served as the light conditioned stimulus (stimulus "L"). A computer controlled infrared monitoring system with a photo transmitter and receptor in the food magazine was used to record food magazine entries. The conditioning chambers were controlled with computer software (MED PC IV, Med Associates). The food pellets that were used as unconditioned stimuli (USs) were 45mg sucrose pellets (Research Diets). The index of appetitive behavior was the percentage of 10ms periods that the photobeam inside the food magazine was interrupted during each 5-sec stimulus presentation period.
Dietary treatment
Following a two-week acclimation period, the rats were divided into four groups, matched according to body weight: HE-FN, C-FN, HE-FP, and C-FP. The rats in groups HE-FN and HE-FP were fed the HE-diet (powdered) ad libitum for 90 days. The rats in groups C-FN and C-FP were switched from a pelleted to a powdered version of the 5001 (LabDiet) chow formula for the same 90-day ad libitum period. Body weights were recorded every 48 h during the 90-day period. At the end of the 90-day ad libitum period, the rats were given rationed food once daily in order to gradually reduce their body weight to 85% of their ad libitum body weights. The 85% of ad libitum body weight criterion was achieved after 7 days of food rationing. The rats were maintained at this weight throughout the remainder of the experiment. During training, the rats received their designated food ration after the end of each conditioning session.
Magazine training
The rats were assigned to squads and conditioning boxes for behavioral training according to the following criteria: 1) the first and third training squads contained rats that would receive FN training procedures (groups HE-FN and C-FN), while the second and fourth squads contained rats that would receive FP training procedures (groups HE-FP and C-FP), 2) assignment to conditioning boxes was counterbalanced with respect to the four experimental groups.
After 85% ad libitum body weight criterion had been achieved, the rats received one 15-min magazine training session. During the 15-min magazine training session, all rats received 10 presentations of two sucrose pellets on a variable-time 60-sec schedule (i.e., one presentation per min, on average). No conditioned stimuli (CSs) were presented during magazine training.
Discrimination training
All animals received one training session per day, five days per week. Both FN and FP training sessions contained four different trial types, two of which made up the conditional discrimination task (feature negative for FN sessions, feature positive for FP sessions), whereas the other two trial types made up the nonconditional discrimination, which was the same for both FN and FP sessions. Training continued for 8 four-session blocks.
The rats in groups HE-FN and C-FN received "FN" training sessions involving a feature negative discrimination and a nonconditional discrimination. In each FN training session the conditional discrimination (i.e., serial feature negative) contained one presentation of stimulus T1 (a 5-sec tone, 1500-Hz, 78-db) immediately followed by the presentation of two sucrose pellets (T1+ trial), and three nonreinforced presentations of the serial compound trials (L→T1− trials). Each L→T1− trials consisted of, in order: a 5-sec panel light stimulus (stimulus L), a 5-sec empty interval, and a 5-sec tone stimulus (the same T1 stimulus used in T1+ trials). The nonconditional discrimination consisted of one T2+ trial presentation (a 5-sec 300-Hz tone, 78-db, followed by 2 sucrose pellets) and three presentations of N-trials (a nonreinforced 5-sec white noise, 78-db). Each session was 90 min with randomly selected trial orders and random intertrial intervals ranging between 300 and 900 s (average = 600 s).
The rats in groups HE-FP and C-FP received "FP" training sessions involving a feature positive discrimination and a nonconditional discrimination. In each FP training session, the conditional discrimination (i.e., serial feature positive) contained one presentation of the serial compound immediately followed by the presentation of two sucrose pellets (L→T1+ trial), and three nonreinforced presentations of the T1 stimulus alone (T1− trials). The nonconditional discrimination problem in FP training sessions was the same as that used for FN training sessions. As with FN sessions, each FP session was 90 min with randomly selected trial orders and random intertrial intervals ranging between 300 and 900 s (average = 600 s).
Blood-brain barrier integrity
At the conclusion of FN and FP training, rats were chosen for either tight junction protein mRNA analysis (n = 15), or for NaFl permeability analysis (n = 17) according to the following criterion: 1) at least seven rats were chosen from each dietary treatment (HE, C) for each analysis; 2) at least three rats were chosen from each of the four behavioral treatment conditions (HE-FN, C-FN, HE-FP, C-FP) for each analysis; and 3) the rats were divided for subsequent BBB analysis matched for body weight and training performance.
Tight junction protein mRNA analysis: capillary separation
The capillary separation for analysis of mRNA encoding tight junction proteins was carried out as previously described [38, 39] . Briefly, at the conclusion of behavioral procedures, the rats were sacrificed by CO 2 decapitation, the brains were removed rapidly, and the thalamus and midbrain were dissected and kept at 4
• C. The brain tissues were homogenized in 3 ml volume of a cold buffer solution. The buffer solution contains (mmol/L): HEPES, 10; NaCl, 141; KCl, 4; MgSO4, 1; NaH2PO4, 1; CaCl2, 2.5; and glucose, 10 (pH = 7.4). Dextran 70 (15%) was then added and the solution was homogenized. The homogenate solution was then spun at 5,400 × g for 15 min at 4
• C. The pellet (capillaryenriched fraction) was separated carefully from the supernatant and washed two times with a mixture of homogenized buffer and Dextran 70 (3:4). Pellets were then spun again and stored at −80
• C for RNA extraction. For tight junction protein mRNA analysis of the blood-CSF barrier, the choroid plexus was extracted from the lateral ventricle following CO 2 decapitation.
Tight junction protein mRNA analysis: Quantitative Real-Time RT-PCR
Total RNAs were isolated from brain capillaries and choroid plexuses using acid guanidium-phenolchloroform method with TRIzol Reagent (Invitrogen, Carlsbad CA). Then mRNA was reverse transcribed following standard procedure. The reaction volume of 100 µL contained 1 µg of total RNA, 2.5 µM of oligo dT primer, 2 mM dNTP mixtures, 0.4 U of RNase inhibitor, 1.25 U of MuLV reverse transcriptase, 5 mM MgCl 2 and 1 × PCR buffer according to the manufacturer's instruction (Applied Biosystems, Foster City, CA). Real-time RT-PCR using the Mx3000p (Stratagene, Cedar Creek, TX) was used to quantify mRNA levels. The primers for checked genes were designed using Primer 3 software. Each PCR reaction contained 3 µL of cDNA, 7.5 µL of 2×FastStart Universal SYBR Green Master (Rox) (Roche Dignostics Indianapolis IN), and 400 nM of the forward and reverse primers. After an initial denaturation at 95
• C for 15 min, the amplification program consisted of 40 cycles of denat-uration at 95
• C for 30 s, annealing at 50
• C for 1 min, and extension at 72
• C for 30 s. The relative differences in mRNA expression among brain capillaries and choroid plexus were expressed using cycle time (Ct) values. The relative differences between control and treatment group were calculated and expressed as relative increase by setting the control as 100% [40] .
Sodium fluorescein permeability analysis
The rats were anesthetized with intraperitoneal injections of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). Under full anesthesia, the right femoral artery was exposed from linear incision and a polyethylene catheter fixed by ligation was introduced into the artery. Sodium fluorescein (10% NaFl, 0.6 ml/kg in saline) was applied from one syringe into the catheter at a rate of approximately 0.2 ml/min. After the NaFl had been applied, the artery was tied with a suture to prevent backflow and the dye was allowed to circulate for 45 min. The rats were then perfused intracardially with 150 ml of sterile saline at a rate of 10 ml/min. We have previously determined that this perfusion rate does not damage the BBB [38] . Following perfusion the rats were decapitated and the brains were quickly removed. After removing the choroid plexus and capillaries by hand, the hippocampus, striatum, and prefrontal cortex were bilaterally extracted over ice and stored at −80
• C. For NaFl fluorescence analysis, the tissue samples were weighed, homogenized in 200 µl phosphate buffered saline, and centrifuged for 10 min at 5000 rpm. Supernatants were diluted with 400 µl trichloracetic acid (20%) and then centrifuged for 15 min at 13,600 rpm. Supernatants were then neutralized with sodium hydroxide (NaOH) and fluorescence was measured in duplicates with ELISA scan at 480 excitation wavelength and 525 emission wavelength. Tissue samples were processed under minimal lighting conditions. Because the total number of samples with duplicates exceeded the number of wells in one 96-well ELISA plate, each of the three brain areas were processed and analyzed separately. This analysis allowed comparison of the two dietary groups within each brain area, but did not allow cross-brain area analyses. A negative control sample lacking brain tissue was used with each brain area scan; the fluorescence value of the negative control was subtracted from the fluorescence intensity value for each sample. To calculate dependent variables for NaFl analysis, absolute intensity values were divided by the tissue weight for each separate sample. The relative differences between control and treatment group were calculated and expressed as a relative increase by setting the control as 100% (Arbitrary Units, % of controls).
Statistical analysis
Overall ANOVAs were performed for each discrimination problem across the entire training phase using Diet (HE, C) as a between-subjects factor, Trial Type (+, −) as a within-subjects factor, with repeated measures for the variable Training Block (1-8) and Training Session (1-4) . Discrimination learning was defined as a significant main effect of Trial Type across a twoblock period of training. To determine when in training significant discrimination learning was achieved, additional analyses were performed across each twoblock period of training for each discrimination problem, using Diet as a between-subjects variable, Trial Type as a within-subjects variable, and Training Block and Training Session as repeated measures variables. To determine which type of trial (i.e., rewarded or nonrewarded) any potential group differences in discrimination learning were based on, ANOVAs were performed separately for each Trial Type across the entire training session with Diet as a between-subjects factor and Training Block as a repeated measures factor. For body weight analyses, Diet (HE, C) and Training Group (FN, FP) were used as between-subjects variables, with Week (1-13) as a repeated measures variable. Separate ANOVAs with Diet and Training Group as betweensubjects variables were used to analyze body weights at the onset of powdered feeding and at the end of the 90-day ad libitum period. Dietary differences in NaFl fluorescence and tight junction protein expression were evaluated using Student's t-tests. Alpha level for significance was set at 0.05 for all analyses.
RESULTS
Discrimination training
Feature negative discrimination
Rats maintained on the HE diet exhibited impaired serial feature negative discrimination performance compared to rats maintained on chow. Discrimination performance across training for the feature negative problem is presented in Fig. 1 (left) for groups HE-FN and C-FN. Whereas both groups learned to increase appetitive responding on rewarded T1+ trials across training, Group C-FN showed a greater reduction in appetitive responding on nonrewarded L→T1− trials across training compared to Group HE-FN. Furthermore, differences in responding on rewarded (T+) Fig. 1 . Performance during training is shown for the feature negative (left) and feature positive (right) discrimination problems. Discrimination performance was impaired for group HE-FN in the feature negative discrimination, whereas the HE diet did not impair feature positive discrimination for group HE-FP.
and nonrewarded (L→T-) were slower to emerge across training for Group HE-FN compared to Group C-FN.
An overall ANOVA for the feature negative discrimination demonstrated a significant main effect of Trial Type (F(1,14) = 13.35, p < 0.01) and a significant Trial Type x Training Block interaction (F(7,98) = 8.16, p < 0.01). The main effect of Diet was not significant (F(1,14) = 1.05), nor were any significant interactions obtained with the variable Diet (largest F for Diet x Trial Type interaction, F(1,14) = 2.32). Additional analyses were performed across each two-block period of training to determine when discrimination learning emerged. These analyses showed that significant discrimination emerged over the period containing the 5th and 6th blocks of training, which was confirmed by a significant main effect of Trial Type (F(1,14) = 17.16, p < 0.01). However, discrimination performance across this period differed by Diet, which was confirmed by a significant Diet x Trial Type interaction (F(1,14) = 4.71, p < 0.05). When this interaction was broken down, a significant main effect of Trial Type was obtained for Group C-FN (F(1,7) = 26.23, p < 0.01), but not for Group HE-FN (F(1,7) = 1.57). For the period containing the 7th and 8th training blocks, the main effect of Trial Type was significant (F(1,14) = 34.54, p < 0.01); however, in this case, the Diet x Trial Type interaction was not significant (F(1,14) = 1.77). This analysis confirmed that discrimination occurred earlier in training for Group C-FN (5th and 6 th blocks) than for Group HE-FN (7th and 8th blocks).
Separate analyses by Trial Type demonstrated that the groups differed in appetitive responding on nonrewarded L→T1− trials across the training phase. For this trial type, a significant Training Block x Diet interaction was obtained (F(7,98) = 3.95, p < 0.01). When this interaction was broken down, a significant main effect of Training Block was observed for group C-FN (F(7,49) = 4.73, p < 0.01), but not for group HE-FN (F(7,49) = 1.85). On the other hand, the two groups did not differ in terms of responding on rewarded T1+ trials. For this trial type, both groups demonstrated an increase in appetitive responding on T1+ trials across the training phase, which was confirmed by a significant main effect of Training Block for T1+ trials (F(7,98) = 5.68, p < 0.01). Both the Training Block x Diet interaction (F(7,98) < 1.2) and the main effect of Diet (F1,14) < 0.4) were not significant for T1+ trials. These results show that the HE-FN rats were impaired relative to the C-FN rats in learning to reduce responding to the T1 stimulus on nonrewarded L→T1− trials.
Feature positive discrimination
Rats receiving the HE-diet (group HE-FP) were not impaired in solving the feature positive discrimination relative to the chow-fed rats (group C-FP). As seen in 
Nonconditional discrimination
Like the feature positive discrimination, the HE-diet was not associated with impaired nonconditional discrimination learning, regardless of whether it was embedded in sessions containing a feature negative (FNtrained rats) or a feature positive (FP-trained rats) discrimination. As can be seen in Fig. 2 , all treatment groups learned to increase appetitive responding on rewarded T2+ trials, and to decrease responding on nonrewarded N-trials across training. For FN and FP trained rats (groups HE-FN and C-FN, Fig. 2 left) , overall ANOVAs demonstrated significant main effects of Trial Type (Fs(1,14) > 23, ps < 0.01) and significant Trial Type x Training Block interactions (Fs(7,98) > 12, ps < 0.01). Significant discrimination emerged across the 3rd and 4th blocks of training for both FNand FP-trained rats (significant main effects of Trial Type, Fs(1,14) > 15, ps < 0.01). However, the main effects of Diet (Fs(1,14) < 1), and all interactions containing the variable Diet (Fs(7,98) < 1.2) were not significant for this and all other 2-block periods of training. Thus, we found no evidence that maintenance on the HE diet was accompanied by impaired performance on the simple nonconditional discrimination problem.
Blood-brain barrier integrity Tight junction protein mRNA: quantitative real-time RT-PCR
The data for the tight junction protein analyses are presented in Fig. 3 (choroid plexus, left; BBB capillaries, right) for the submembranous proteins Zo-1 and Z0-2, and the transmembrane proteins occludin, claudin-5, and claudin-12. In the choroid plexus, a significant HE-diet induced reduction in mRNA expression was observed for claudin-5 (t(13) = 3.22, p < 0.05). Marginally significant reductions were also observed for both Zo-2 (t(13) = 2.61, p = 0.07) and claudin-12 (t(13) = 2.3, p = 0.08). No differences were observed for Zo-1 and occludin (ts < 1). In the BBB capillaries, a significant HE-diet induced mRNA expression reduction was observed for occludin (t(13) = 2.44, p < 0.05), with nearly significant differences based on diet obtained for both Claudin-5 (t(13) = 2.39, p = 0.053) and Claudin-12 (t(13) = 2.54, p = 0.051). No differences based on diet were obtained for Zo-1 and Zo-2 (ts < 1).
BBB permeability to sodium fluorescein
Exposure to the HE-diet for 90 days prior to discrimination training was accompanied by an increase in permeability of NaFl into brain parenchyma in the hippocampus; however, no difference was observed in both striatum and prefrontal cortex. Figure 4 demonstrates NaFl fluorescence intensity in the three different brain areas, expressed as arbitrary units (% of control group for each brain area separately). Differences based on diet were supported statistically for the hippocampus (t(15) = 2.32, p < 0.05), but not for the striatum and the prefrontal cortex (t-scores < 1, df = 15).
Body weights
Intake of the HE-diet produced significant increases in body weight during the 90-day ad libitum period relative to intake of the C diet (see Fig. 5 ). This was confirmed by a significant main effect of Diet (F(1,28) = 20.37, p < 0.01) and a significant Diet x Week interaction (F(13,364) = 35.67, p < 0.01). Body weights did not differ according to training, which was Fig. 4 . Permeability to sodium fluorescein (NaFl) in the hippocampus, prefrontal cortex, and striatum for HE-diet and chow-fed rats. Permeability was significantly increased in the hippocampus for HE-diet relative to chow-fed controls (*p < 0.05) (error bars depict S.E.M.).
confirmed by a nonsignificant main effect of Training Group (F(1,28) = 0.1), as well as nonsignificant Training Group x Week (F(13,364) = 0.3), Training Group x Diet (F(1,28) = 0.2), and Training Group x Week x Diet (F(13,364) = 1.2) interactions. The body weights of the rats did not differ between the four treatment groups at the onset of powdered HE and chow feeding, which was confirmed by nonsignificant main effects of Diet (F1,28) = 0.01) and Training Group (F(1,28) = 3.0), and a nonsignificant Training x Diet interaction (F (1,28) = 1.4) . At the end of the 90-day ad libitum feeding period, the rats fed the HE diet weighed signifi- 
DISCUSSION
Previous research demonstrated that diets high in saturated fat and simple carbohydrates can impair learning and memory function, particularly in tasks that rely on the utilization of spatial cues. One of the goals of the present research was to advance what is known about the detrimental effects of this type of diet on cognitive function by comparing learning and memory performance in rats on nonspatial discrimination learning tasks that vary in terms of their dependence on the integrity of the hippocampus. Impairments were observed following 90 days of maintenance on an HE-diet in a hippocampal-dependent feature negative discrimination problem, whereas performance was not affected by diet in two different discrimination tasks that do not rely on the hippocampus. Furthermore, the nature of the HE-diet induced impairment in the feature negative discrimination problem was similar to what has previously been observed in rats with selective hippocampal lesions [33] ; both long-term HE-diet maintenance and hippocampal lesions are associated with increased appetitive responding on nonrewarded trials (e.g., L → T-) relative to standard chow fed, and nonlesioned controls, respectively. These results support the hypothesis that some learning and memory processes, particularly those that rely on the integrity of the hippocampus, are more susceptible than others to disruption by diets containing saturated fat and refined carbohydrates.
Our results also demonstrated that HE-diet maintenance compromised BBB integrity relative to a standard chow diet. Rats fed the HE-diet showed reduced mRNA expression of the tight junction proteins Claudin-5 and Claudin-12 in the choroid plexus, as well reduced expression of occludin, Claudin-5, and Claudin-12 in the BBB capillary system. Of the tight junction proteins, the claudins are believed to be the principle proteins that establish the tight junction properties of the endothelial cells, and are considered to be important in permeability restriction [34] . Consistent with reduced expression of these proteins, the HEdiet was also associated with an increase in permeability of NaFl from the vasculature to the hippocampal parenchyma, whereas no group differences were observed in the prefrontal cortex and the striatum. Overall, these results support the hypothesis that this type of diet can impact the regulation of the brain's internal environment by impairing the blood-CSF and blood-brain barriers. Furthermore, the sensitivity of the hippocampus to increased NaFl permeability taken together with our behavioral results suggest that the hippocampus may be a particularly vulnerable brain structure to the detrimental effects of saturated fats and refined carbohydrates on both BBB permeability and cognitive function.
The mechanisms underlying the relationship between diet-induced BBB disruption and hippocampal dysfunction remain to be elucidated. One possible explanation is that dietary saturated fat is related to increases in circulating levels of Aβ, which can lead to compromised BBB integrity and exaggerated blood to brain delivery of peripherally-derived Aβ peptides. For example, a recent study demonstrated that mice maintained on a diet high in saturated fat had increased stimulation Aβ from the absorptive epithelial cells of the small intestines relative to control mice receiving a low fat diet [41, 42] . Elevations in peripheral levels of circulating Aβ has been shown to cause BBB disruption in rats [43] . Furthermore, BBB breakdown in a transgenic mouse model of AD can be reversed by Aβ immunization [44] . Collectively, these studies suggest that dietary saturated fat can stimulate intestinal production of Aβ, and that increases in circulating Aβ are related to BBB impairment. Our observation of increased BBB leakage of NaFl into the hippocampus of rats maintained on a diet high in saturated fat is consistent with these findings. Potentially, elevations in peripheral circulating Aβ peptides contribute towards BBB impairment, which can eventually lead to exaggerated blood to brain delivery of Aβ. Consistent with this possibility, it has recently been shown that Aβ peptides can enter the brain of mice from the periphery when the BBB was made defective by pharamacological manipulation, whereas Aβ peptides did not enter the brain of control mice with an intact BBB [45] . Future research is needed to determine if HE-diet induced BBB disruption can lead to elevations in Aβ levels in the hippocampus.
It seems unlikely that the observed diet-induced impairments in the feature negative problem are based on motivational mechanisms, such as altered taste, reward, etc., as opposed to disrupted learning processes. For example, while appetitive responding on nonrewarded trials in the feature negative problem was elevated for HE diet-fed relative to chow-fed control rats, this outcome was not obtained in the feature positive and nonconditional discrimination problems. This selective change in performance in the feature negative problem is inconsistent with the operation of a nonspecific motivational process, as such a process would be expected to similarly influence responding in each type of discrimination problem Both dietary factors [2] and metabolic syndrome [46, 47] are linked with the development of cognitive impairment and AD onset. In the present study, several months of maintenance on the HE diet produced significantly greater body weight gain relative to the standard chow diet. This brings to question the possibility that the observed learning impairment is not based on the specific effects of the HE-diet, per se, but rather is a result of metabolic factors associated with diet-induced obesity (e.g., peripheral insulin resistance, dyslipidemia). While this account cannot be ruled out in the present study, there is evidence that this type of dietary manipulation can influence hippocampal function independent of body weight gain and obesity. For example, recent reports [48] , including those from our laboratory [49] , have shown that very brief consumption of a Western-type diet can impair hippocampaldependent spatial memory. We previously reported that as little as 3-days consumption of the same HE-diet used in the present study impaired spatial memory in a radial arm maze paradigm in rats that did not differ in body weight from chow-fed controls. While these data suggest that diet-induced learning impairments can arise independent of factors associated with metabolic syndrome, the neurophysiological mechanisms underlying impairment following short-and long-term Western diet maintenance are likely different. Further research is needed to examine the respective contributions of dietary versus metabolic factors on the development of cognitive impairment and AD, and to assess the extent to which cognitive disruption following short-and longer-term consumption of this type of diet involves similar or difference mechanisms.
The hippocampus is vulnerable to disruption by neurodegenerative dementias [17] [18] [19] [20] , ishchemia [50, 51] , and oxidative stress [52] [53] [54] . The present results in conjunction with our previous findings show that the hippocampus is also particularly vulnerable to dietinduced disruption following both short-and longerterm HE-diet consumption. Other findings are consistent with the possibility that this type of diet can also disrupt the function of the prefrontal cortex as well. For example Greenwood and Winocur (e.g., [10, 11] ) have shown that 90-days maintenance on a diet high in saturated fat produced a pattern of impairments in an operant rule-learning task that was consistent with impaired function of both the hippocampus and the prefrontal cortex. Although we did not observe increased BBB permeability in the prefrontal cortex in the present research, we have previously reported deficits in prefrontal cortical function following longer-(e.g., > 2 months), but not short-term HE diet consumption [14, 49] . These findings are interesting with respect to the temporal pattern of neurodegeneration observed in AD. For example, while hippocampus and adjacent tempero-cortical structures are vulnerable to degeneration in preclinical and early AD [18] , the prefrontal and other neocortical regions are prone to atrophy during the later stages of AD [55] . Thus, the pattern of functional impairment observed in rodents with increasing exposure to an HE diet is consistent with the temporal pattern of neurodegeneration observed in AD.
The present results may also have implications for understanding the regulation of food intake and body weight. Recent research (e.g. [56] ) shows that rats with selective hippocampal lesions show elevated food intake and body weight gain compared to sham-and non-lesioned controls. Based on the present findings, it may be that one mechanism though which intake of saturated fats and simple carbohydrates contribute to excess energy intake and body weight gain is by interfering hippocampal-dependent processes (see [57, 58] ).
Obesity and AD are two of the most serious health challenges facing Western cultures. At present, there are no effective therapies for either disease. Although most clinicians and scientists view these disorders as having distinct etiologies and underlying pathologies, the present findings suggest that both may have common dietary origins and brain substrates. Our results join with other recent findings (see [46, 59, 60] for review) in pointing to the need for a more integrative research approach that could help describe shared neuronal and behavioral mechanisms that may underlie obesity and AD and help identify effective new treatments to prevent or ameliorate both of these serious threats to well-being.
